In the process of decomposition of a human body, 0.4-0.6 litres of leachate is produced per 1 kg of body weight. The leachate contains pathogenic bacteria and viruses that may contaminate the groundwater and cause disease when it is used for drinking. So far, this topic has been investigated in several regions of the world (mainly Brazil, Australia, the Republic of South Africa, Portugal, the United Kingdom and Poland). However, recently more and more attention has been focused on this issue. This study reviews the results of investigations related to the impact of cemeteries on groundwater bacteriology and virology. This topic was mainly discussed in the context of the quantities and qualities of changes in types of microorganisms causing groundwater contamination.
INTRODUCTION
Cemeteries are among the chief anthropogenic sources of pollution and contamination of water in urban areas and beyond them (Silva et al. ) . Many researchers are convinced that all cemeteries represent potential threats to the environment (Rodrigues & Pacheco ; Dent ) . In the process of decomposition of a human body, 0.4-0.6 litres of leachate with a density of 1.23 g·cm À3 is produced per 1 kg of body weight (Silva ) . The leachate contains 60% water and up to 100 days. Some investigations suggest that this period may be extended to 6 to 8 months (Silva ) .
Decomposition of interred bodies causes an increase in microbial activity in the surrounding substrate, associated with the release of persistent organic compounds (Matos ) . Some of these organic compounds are highly toxic, e.g., putrescine (1,4-butanediamine) Harris ). It is worth emphasizing that bacteria transported by water, like those of the genus Shigella, as well as rotaviruses and protozoans of the genera Entamoeba and Giardia, often cause asymptomatic or serious infections with high mortality rates, particularly among children (Matos ) . have not yet reached worldwide attention. However, recently the international hydrological community has focused more and more attention on this issue. This study reviews the results of investigations related to the impact of cemeteries on groundwater contamination by bacteria and viruses. This issue was mainly discussed in the context of the quantities and qualities of changes in types of microorganisms causing the groundwater contamination. In some cases, these changes were related to the environmental setting of a place, where a cemetery was located. The review is completed by a list of recommendations. Their implementation aims to protect the local environment, employees of funeral homes and the residents living in the vicinity of cemeteries.
In this form, this review aims to familiarize the reader with the results of this topic, and provide practical guidance for decision-makers in the context of the location of new cemeteries, and the expansion and management of existing cemeteries.
CEMETERIES AND GROUNDWATER CONTAMINATION BY BACTERIA AND VIRUSES -REGIONAL OVERVIEW
Studies in Europe
The adverse impact of cemeteries on groundwater caught the attention of scientists at the end of the nineteenth century. In 1879, the French Society for Hospital Hygiene noticed the relationship between typhoid fever and groundwater contaminated by leachates from a cemetery in Paris (Migliorini ) . This kind of adverse impact was also confirmed by Mulder in the summer of 1954 (Bouwer ) . He found somewhat sweet-tasting water and an unpleasant smell exuding from wells situated close to cemeteries in Paris. A more serious consequence was the increased number of typhoid fever cases observed between 1963 and 1967 among people living around a cemetery in Berlin and using the groundwater from its vicinity (Bouwer ) .
In other studies carried out in West Germany in 1972, the groundwater of the alluvial substrate situated 0.5 m from burial sites showed quantities of bacteria 60 times higher than those found in natural water (Bouwer ) . The quantities of these bacteria decreased rapidly to 8 × 10 3 CFU·100 ml À1 (CFU, colony forming unit) at a distance of 3 metres from the interments, and to 1.8 × 10 2 CFU·100 ml À1 at a distance of 5.5 m from the burial plots. High bacterial counts were also found in porous aquifers at the Luz de Tavira cemetery. The largest differences between the samples taken from the cemetery and those from the reference sitea distance of c. 300 mwere related to heterotrophic and mesophilic bacteria, total coliforms and the bacteria of the genus Clostridium (Table 2 ).
Contemporary research conducted in
The highest numbers of all the bacteria studied were found in the Seixas cemetery in Minho. The cemetery is located in a place where sea tides increase the thickness of the filtration layer. The samples from a borehole located in the central part of the cemetery contained decidedly higher quantities of bacteria than those from a borehole situated 290 m away from it.
Rodrigues & Pacheco (), on the basis of these studies, suggested that the climate of Portugal, where high precipitation and high air moisture occur in winter, is also a factor boosting bacteriological contamination of groundwater. The bacteriological parameters (minimum and maximum) a for the borehole samples P (4, 7, 8, 6, 9, 11) Boreholes in GHM T22 The subsequent studies (Matos & Pacheco , ) at the same cemetery (Vila Nova Cachoeirinha) also revealed that samples of groundwater mainly contained heterotrophic and proteolytic bacteria, C. perfringens, as well as enteroviruses and adenoviruses (Table 4) . These studies demonstrated, however, the low levels of total and faecal coliforms in the groundwater (Matos & Pacheco ) .
In his voluminous PhD dissertation, Matos () confirmed the high maximum numbers of many bacteria (Table 3) . It is worth mentioning that heterotrophic bacteria (being aerobic bacteria) are good indicators for detecting contaminants originating from graves. They are not pathogenic but may pose a hazard to health when high quantities occur.
The groundwater of these three cemeteries (Vila Formosa, Vila Nova Cachoeirinha, Areia Branca) was also investigated by Martins et al. (). Pacheco's investigations Tumagole (2006) . h Engelbrecht (1993) . i Rodrigues & Pacheco (2003) , borehole P10. j heterotrophic and mesophilic bacteria. Clayey substrates are less permeable to a cemetery's P1 120 to 110 × 10 4 < 2 to 10 <2 to 10 < 2 to 300 < 2 to 1.6 × 10 3 P5 90 × 10 2 to 77 × 10 3 23 to170 2 to 30 22 to 16 × 10 3 130 to !1.6 × 10 3 P7 54 × 10 3 to 40 × 10 5 < 2 to !1.6 × 10 3 <2 to !1.6 × 10 3 10 to !16 × 10 3 < 2 to !1.6 × 10 3 P9 180 × 10 2 to 170 × 10 3 < 2 to !1.6 × 10 3 <2 to 300 < 2 to !1.6 × 10 3 13 to 1.3 × 10 3 P13 32 × 10 3 to 86 × 10 3 < 2 to 4 <2 to 2 10 to 500 23 to 1.3 × 10 3 P15 85 × 10 3 to 29 × 10 3 < 2 <2 20 to 500 500 to 2.2 × 10 3 P20 95 × 10 2 to 52 × 10 3 2 to 23 <2 8 to 170 8 to 170 effluents. In this way they limit a cemetery's impact on the bacteriological contamination of the groundwater. The large influence of this factor was also confirmed in the studies at the Vila Rezende cemetery in Piracicaba, where hydraulic conductivity amounted to 6.5 × 10 À7 cm·s À1
It should be noted that those investigations contributed to the development of a method enabling evaluation of susceptibility of the groundwater to bacteriological conta- The results revealed that the method may be very useful for the evaluation of the bacteriological contamination hazard in cemeteries and their vicinity.
Finally, it is worth presenting an investigation concerning the migration of bacteria, performed by Matos () in the Vila Nova Cachoeirinha cemetery. The studies revealed that bacteria may migrate over a distance of several metres beyond the cemetery. The number of bacteria decreased as the distance from the interments increased. Viruses turned out to be more mobile than bacteria, moving tens of metres. The viruses were also transported at least 3.2 m through the unsaturated layer and reached the groundwater layer. These investigations also revealed that the highest contamination occurred at those places where the graves were close to the water table, the graves were not older than one year and the graves were situated in the low-lying parts of the cemetery. (Final ) . In all of these four cemeteries the groundwater quality was unsatisfactory. No presence of E. coli was found in these cemeteries. In general, however, in all these four cemeteries, the quality of groundwater was unsatisfactory.
Of particular concern is the maximum number of (1) location on a steep slope (40%); (2) sandy-clayey bedrocks with suspended aquifer, covered by an impermeable layer of red lateritic loam;
(3) lack of a sewage system at the cemetery; (4) lack of management plans at the cemetery;
(5) leaking tombs and graves; (6) faults in grave construction; (7) faults in the interment procedures; and (8) lack of appropriate collection and utilization of the solid waste from the cemetery. Such conditions were conducive to ground erosion and landsliding that even predisposed groundwater contamination. In addition, a distance of less than 50 m to the nearest building estate also had an adverse impact on the quality of water. All these factors contributed to the conclusion that the location of the Itaquera cemetery in São Paulo was unfavourable.
The São José cemetery
The elevated numbers of bacteria: heterotrophicup to 300 × 10 2 CFU·100 ml À1 , total and faecal coliformsup to 8 × 10 3 MPN·100 ml À1 (MPN, most probable number), and faecal streptococci (S. faecalis)up to 235 CFU·100 ml À1 , were also confirmed at the São José cemetery in Belém in Pará state (Braz et al. ) . The faecal coliforms and faecal streptococci were not found in a control artesian well. However, significant contamination of the groundwater by faecal and total coliforms (up to 13 × 10 3 MPN·100 ml À1 ) occurred in the well below the cemetery, as well as in a stream flowing c. 100 m from the cemetery boundary. This small stream acts as a water-collector for the surface water from the cemetery.
Some contamination may even come from neighbouring households (Braz et al. ) . High groundwater contamination was also boosted by permeable, vulnerable-topollutants Tertiary age outcrops made of fineand mediumgrained sands.
The Várzea cemetery
In the Várzea cemetery in Recife, Espindula & Santos () collected samples from three piezometers and five wells.
They were located within and beyond the cemetery, at distances ranging from 6 to 110 m from the cemetery boundary. ). Therefore, these bacteria were not found (Table 3) .
In this cemetery, water from the piezometers also contained heterotrophic and proteolytic bacteria, as well as sulphite reducer clostridia (Table 3) coli were also found (Table 6 ). These wells were situated in the middle and lower parts of the slope. According to a cautious opinion expressed by Abrão (), such a contamination of the groundwater could be linked to the decomposition of corpses during the period of the studies. At that time, there were 24,000 graves on an area of 27.3 ha.
The contamination could also be increased by shallow graves with depths ranging from 1.70 to 2.50 m. The corpses were also buried sporadically on three levels. According to Abrão () , the groundwater level is shallow there, ranging between 5.65 and 12.50 m. This diversity results from the cemetery being situated on an upland slope of a basaltic cuesta, descending gently from an elevation of 597.50 to 585.77 m CFU·100 ml À1 ). However, the author concluded that the contamination did not exceed the norms (Leite ) .
Worthy of mention is that some Brazilian researchers have doubts concerning the negative impact of cemeteries on groundwater quality in the vicinity of these areas.
According to Espindula () , the increased quantities of total coliforms and the presence of faecal coliforms or ther- These arguments may suggest that investigation focusing on groundwater contamination by bacteria and viruses must take into account additional factors not directly related to the cemeteries, e.g., spatial distribution of the sewerage system and its condition, etc.
Studies in Africa
Studies carried out in South Africa revealed that the localization of many cemeteries was incorrect. Significant microbiological contamination of groundwater was found by Engelbrecht () in a municipal cemetery in the Western Cape Province (Table 3) . He evaluated the water quality on the basis of 20 wells situated within the cemetery, one well located at 50-m distance, and a reference (control site) municipal well 500 m away from the cemetery (Engelbrecht ). The wells, set in sands, showed high quantities of E. coli (57.4 × 10 3 CFU·100 ml À1 ), S. faecalis (205.0 × 10 3 CFU·100 ml À1 ), S. aureus (5.4 × 10 3 CFU·100 ml À1 ), heterotrophic bacteria and faecal coliforms (Table 3) .
High groundwater contamination was also diagnosed at Ditengteng cemetery in Tshwane (Tumagole ). In samples collected from several wells situated in their vicinity, high levels of several microbiological parameters (e.g., total coliforms and faecal coliforms and a number of heterotrophic bacteria) were found (Table 3) 
Studies in Australia
A smaller impact of cemeteries on the groundwater contamination was found in Australia. Two series of studies by Dent (, ) carried out at the Botany cemetery in Sydney revealed low levels of bacteriological contamination. The groundwater was polluted by total coliforms, S. faecalis, faecal coliforms and P. aeruginosa (Table 6 ). These microorganisms were found in piezometers situated along the line of water runoff, particularly below new graves, in four out of 11 boreholes (Dent ).
Dent (a) also reported increased quantities of microorganisms: faecal coliforms (E. coli), faecal streptococci (S. faecalis) and P. aeruginosa in the vicinity of graves at the Botany cemetery in Sydney, and at the Guildford cemetery in Perth (Table 6 ). The number of bacteria decreased rapidly with a growing distance from the graves. According fills. In this case, the depth of the groundwater table (4.0-4.7 m) was considered a factor that restricted groundwater contamination (Knight & Dent ) . In spite of these good hydrogeological conditions, a pathogenic bacterium P. aeruginosa was found in the groundwater. Moreover, higher quantities of total coliforms were found (Table 6 ).
The unconsolidated but firm clays up to 10-12 m thick that overlie sandy silts and silty sands of the Brighton Group formations at the Necropolis cemetery in Melbourne also did not appeared to constitute an efficient barrier (Dent & Knight ) . Even though the aquifer was sampled at a depth ranging from 14 to 28 m, the researchers found the presence of several groups of bacteria: total coliforms, S. faecalis and faecal coliforms (Table 6 ). Their numbers varied considerably over time. Additionally, in three wells situated at the cemetery, the bacteria classified as total coliforms were found in quantities ranging from 2.4 × 10 3 to 3 × 10 3 CFU·100 ml À1 . The numbers of E. coli and S. faecalis were significantly higher (Table 6 ). Their numbers decreased rapidly with distance from the cemetery. Dent & Knight () regarded that the presence of all decomposition products in the groundwater resulted from water seeping into the wells at a depth of 2.5-5.5 m below the terrain surface. The increased numbers of bacteria are usually related to:
(1) inappropriate localization of cemetery (e.g., adverse (Table 1) .
Low groundwater contamination was also observed in the Guilford cemetery in Perth, located in Mediterranean climate conditions (870 mm annual rainfall) and in the Woronora and Botany cemeteries in Sydney (Table 6) Significantly higher biological groundwater contamination was recorded in warmer and moister climates (Tables 3, 4 
and 6). The Santo Amaro cemetery in Campo
Grande (Table 6) , located in a tropical climate (annual rainfall of 1,500 mm) with a rainy summer and dry winter is one example.
High numbers of bacteria occurred in groundwater in cemeteries in Brazil, the Republic of South Africa and Portugal (Tables 3-6 ). In the vicinity of necropolises located in the southern part of Africa, the increases were recorded with respect to all microbiological indicators (Table 3) According to Australian researchers, the groundwater contamination could also be predisposed by: (1) 
Recommendations
The reviewed studies allow development of some recommendations intended to protect the health of employees of funeral homes and the residents living in the vicinity of cemeteries, as well as preserve the natural environment for future generations. Therefore, this review is summarized by the following list of recommendations:
( (2) Cemeteries should be located on gentle slopes. Higher slope gradients create favourable conditions for surface flow, flooding of graves, leaching and migration of decomposition products.
(3) Cemeteries should be located on bedrocks where:
(a) the clay mineral content ranges between 20 and 40%;
(b) the bottom of the grave is at least 1.5 m above the maximum groundwater level. When the substrate has a permeability ranging from 10 À5 to 10 À7 cm·s À1 (or higher), this distance should be higher.
(4) Cemeteries should not be located in areas where:
(a) the groundwater level is shallow;
(b) seasonal or ephemeral floods occur;
(c) the substrate is very permeable (e.g., sands and gravels, fractured rocks, karst structures);
(d) the substrate has low permeability (e.g., clays and loams) and anaerobic conditions create favourable conditions for adipocere. (9) People directly involved in the interment of victims of catastrophic events, namely soldiers, paramedics and other people exposed to infectious bacteria should be equipped properly.
(10) Employees of funeral homes should use appropriate boots, gloves and face masks during work related to burials or exhumations. They should wash their hands and take a shower before leaving the cemetery.
